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INVESTIGATION OF THE LAMINAR AERODYNANIIC HEAT-TRANSFER CHARACTERISTICS
OF A HEMISPHERE-CYLINDER IN THE LANGLEY 11-INCH HYPERSONIC TUNNEL

AT A MACH NUMBER OF

By DAVISH. CRAWFORD and IVrLI.UMD.

SUMMARY

A program to invest@ate the aerodynamic heat tramfer of a
nontiothennal hem&phere-@nder h.m been conducted in the
Lunglty Il+nch hypersonic twnnel at a Mach number of 6.8
and a Reymiak numbw from approximaidy O.1~xlOa to
1,06 XIOObaaedon dimneter and free-stream cimditi.mw. 17w
experinwnid heat-tramfer coq@i.em%were sli@ly less over the
whole body tin th.me predicted by the theory of Si$ineand
Wanlam (NACA Technical Note W&) for an isothermal
wface. For statti within 46° of the stagnation point the
heat-transfer coeji.c&m&CUUUbe cm-relatedby a single relation
between l.ocul Slam% number and local Reynolds number.

P&t pressure projil.estaken at a Mach number of 6.8 o-na
hemixphwe-qlhui.er haveverijiedthat the 10CUJMach number or
velocity otie the boundary layer required in the theoti may
be computedfrom h surface.pi-em-w-wby wAng iwntro~fiw
relatiom and conditti immediately behind a normal shock.
The txzperimentalpressure distribuiiun at a Mach number of
8.S L?closely predicti lqIth modijiedNewi%ntin theory. %
velmiiy gradients cakuhrted at the 8tagnatim point by wing
the mod&ed Newtonian tlwory zary with Mach number and
are in good agreemtmtwith those obtaimdfrom measuredpres-
suresfor Mach numbersfrom 1.2 #a6.8.

At the stagnation point the tluory of EWndkin,in which tlw
diameter and cmd&iinM behind the noi-mul shock were used,
was in good agremd with the experiment when the velody
gradtini at tlw atagmztionpoint appropriate to the free-stream
Mach number m used.

INTRODUCTION

One of the earliest experimental irmeatigations in cmmec-
tion with heat transfer on a hemisphere-cylinder at super-
sonic speeds was carried out by Eber (ref. 1) who obtained
the “brake” temperature distribution along the surface.
These brake or effective recovery temperatures decreased
with increasing distance from the stagnation point on the
hmnisphere and were influenced by the free-stream Mach
number. Korobkin (ref. 2) and Stine and Wanhwa (ref. 3)
show the same type of distributions and, in addition, demon-
strate that for the hemisphere-cylinder with a laminar
boundary layer the recovery factor ~, maybe expressed by
the square root of the Prandtl number based on the local
conditions jqst outside the boundary layer.

Staider and Nialsen (ref. 4 comptied the average heat
transfer (Nusselt number) with Reynolds number fo; differe-
nt Mach numbers and found that, in their experiments,
data at subsonic and low supersonic Mach numbers could be
correlated when the supersonic data were based on conditions
behind the normal shock. Experimental investigations of
the 10CXJheat transfer on a hemisphere-cylinder have been
made by Korobkin (refs. 2 and 5) and Stine and Wanlass
(ref. 3). Stine and Wardass noticed that, as the free%remn
Mach number was increased, the pressure distributions were
tending toward a common curve and also suggested that the
heat-tranafer results they obtained at a Mach number of
1.97 could be representative of those obtained on similar
isothermal surfaces with lamimm boundary layer for Mach
numbers greater than 1.97 and of temperatures less than
that of dissociation. Although this tends to be true, a Mach
number of 1.97 is probably too low.

Some theoretical methods for obtaining local heat transfer
on a hemispher~ylinder at supersonic speeds have as their
bases the solutions of incompressible flow on isothermal sur-
faces. An exact incompressible solution utilizing a method
applied by Squire (presented in ref. 6) to a cylinder was given
by Sibulkin in reference 7 for the heat transfer at the sta.gm-
tion point. Slbulkin suggested that this solution may be
applicable at supersonic speeds when conditions behind the
normal shock are used. An approximate solution was
derived for incompressible flow over a hemisphere with an
isothermal surface by Sibulkin (presented in ref. 2) by
assuming that the velocity and temperature profiles were
similar and of parabolic shape. Korobkin (ref. 2) mmpmed
these theoretical rwilts with his data at a Mach number of
2.80 and found that, when the incompressible-flow solution ‘
was adjusted so as to pass through Sibulkin’s stagnation-
point value, it roughly approximated the data. Howevar,
this result does not agree with the theory by Stine and Wan-
1sss (ref. 3) who used a diilerent approach. By u&g the
Mangler transformation, the Stewartson transformation,
and thermal solutions to the Falkner+kan wedge-flow
problem, they evaluated the heat-transfer rate in sxisym-
metric flow for an isothermal surface in terms of the known
heat-transfer rate in an approximately equivalent two-
dimensional flow.

The purpose of this investigation was to extend the range
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of the previous investigations for heat transfer on hemisphere-
cylinders to a Mach number of 6.8. This investigation
utilized data from transient nonisothernml temperature dis-
tributions since, at the high temperature levels involved, an
isothermal surface was dii%cult to obtain.

SYMBOLS

speed of sound
semihemisphericsd arc length
specilic heat of model wall material
specific heat of air at constant pressure
specific heat of air at constant volume
diameter

local wxodygamic heat-transfer coefficient, i&--
rs

thermal conductivity for air
thermal conductivity for model
a characteristic length
Mach number, u/a
Nusselt number, hL/k
J?randtl number, ~P/k
pressure

(?
heat flow ti model per unit area, —k ~ay ,

WL
Reynolds number, ~

radiu9
Stanton number based on z and local fiee-

stream conditions just outside boundary layer,
N~,=NN$RNp,=h/pucP

absolute temperature
velocity
distance along body generatrix from stagnation

point
space coordinate normal to body

velocity gradiemt along surfrbce, w
ax

emimivity
T,– T,

recovery factor, —
T,– T,

angle from stagnation point on sphere
distance along cylinder tim juncture
absolute viscosi~
kinematic viscosity
angle about axis of model
mm.s density of air
nmss density of model shell material
Stephen-Boltzmann constant
time

Subscripts :

condition of model’s surroundings
: parameter based on model diameter as a char-

acteristic length
h pitot pressure behind bow shock
i not corrected for heat conduction along model skin
in local condition on inside surface of model shell
L parameter using L as characteristic length
r recovery, 9urface temperature
s local conditions on outside surfwe of model

t stagnation wmditions
z parameter based on static conditions just. outside.

boundmy layer and with z as characteristic
length

u free-steam conditions immediately behind normal
‘ shock

1 local free-stream conditions just outside boundary
layer

a undisturbed free-stream conditions

APPARATUS

The present investigation was conducted in the Langley
n-inch hypersonic tunnel described in references S and 9.
Air is stored at 50 atmospheres pressure and is released
through an adjustable pressure regulating valve and a new
direct air heater with tube resistance elements of nickel-
chromium alloy (replacing the storage hinter deacribod in
refs. 8 and 9) to the settling chamber and nozzle. A two-
dimensional nozzle constructed of Invar and designed for a
Mach number of 7 was used for this investigation. Invar
was used in the construction of this nozzle in order to alleviate
the deflection of the fit minimum, which occurred in the
steel nozzle because of differential heating of the nozzle
blocks. Preliminary calibrations have indicated a Mach
number of 6.86+0.04 at 30 atmospheres stagnation pressure
in the central core of uniform flow which mensures about
6j4 inches in the vertiqd direction by about 6 inches in the
horizontal direction.

MODIZS

Four models were used in this investigation. A croes-
sectional view showing construction detaila typical of all
models is presented in iigure 1. Photographs of the sepmate
models are shown in @me 2. Two models, one of 1.170-inch
diameter and the other of 3.025-inch diameter, were instru-
mented to provide transient temperature dda, a third model
was instrumented to provide pressure data, and a fourth
model, temperature-recoveg data. Orifices, and thermo-
couples were installed on the individual models at stations
along the body generatrix as indicated in table I. The heat-
transfer and pressure-distribution models were constructed
of SAE 1020 carbon steel and the temper@re-recovery model
waa constructed by electroplating nickel on a mandrel. The
dimensions of the heat-transfer models were carefully mena-
ured before the parts were assembled with silver solder.

The small heat-transfer model was 1.170 inches in diameter,
5.32 inches in length, and varied from 0.030 inch to 0.036 inch
in wall thickness. Temperature measurements on this model
were taken from eight chromel alumel thermocouples of
No. 30 gage wire, five of these being locnted at stations from
the stagnation point to the hemisphere-cylinder juncture.
(See table 1.)

The large heat-transfer model was 3.025 inches in diameter,
10.5 inches in length, and varied from 0.098 inch to 0.101 inch
in wall thickness. It contained 26 thermocouples, silver sol-
dered into holes in the model skin so that their effective meas-
uring junctions were located on the inner surface. These
thermocouples were of No. 36 gage chromel alumel wire and
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and 0.006-inch-thickwall.

l?mmm 2.—Hemiephere-cylindermodels.

were arranged in n spiral of one revolution on the hemisphere
and of two revolutions on the cylinder. Ten of these thermo-
couples were located on the hemisphere, fourteen were on the
cylinder, and one was on the hemisphere-cylinder juncture,
m shown in table I.

The pressure-distribution model was 3.oOOinches in diam-
eter, 10.5 inches in length, and 0.10 inch in wall thiclmess
nncl contained 16 pressure orifices located as shown in table I.
Two of the orifices were located on the base of the model.
The orifices were 0.040 inch in diameter and were arranged
in a spiral of one revolution about the sphere in ordor to
reduce any orifice-interference effect. The ori.iices on the
cylinder were also arranged in a spiral of one revolution.

The temperature-recovery model constructed of electro-
plated nickel was 2.000 inches in diameter, 5.00 inches in
length, and 0.005 inch thick. Temperature measurements
were taken from 14 chromel alumel thermocouples of No. 30
gage wire.

TE3T CONDITIONS

During the teats the tunnel was operated through a
stagnation-temperature range from 1,040° R to 1,160° R

TABLE I.—ORIFICE AND THERMOCOIJPLE LOCATIONS

I 1 I

Model ‘

‘*”ter’M*

0.586
: 3: ! 1.755

Heat-tmnsfer 1.170 8 2.346
: %
6 90

12 0.131
: : 13 .60

: N ;: 1: M
5 16 1.50

2; 2.00
Heat-transfer 3.025 ; ;! 3.00

8 % 4.00
80 %’ 5.00

18 86 21 6.00
11 90 22 7.00

23 7.50
8.00

2 8.50

; TIT
o 8 0.393

.785
PreReUrwMe- :: 1: 1.60

tribution 3.000 : 46 3.00
6 :: 6.00

;: 7.60
; 90 :: 8.50

: mo 10 :
11

% 12 1:50
Temperature : 30 13 2.00

reoovery 2.000 6 45 14 2.50

$’ %
8 80
9 90

and though a stagnation-pressure range from 10 to 31 atmos-
pheres. The free-stream Reynolds numbers (based on body
diameter) were in the range nom approximately 0.14X 10E
to 1.06X 10E. The calibrated tunnel lMach number at the
model nose was used to correlate the data. In these tests
the model nose was approximately 6 inches ahead of the
center of the teat section. At this point the tunnel calibra-
tion gives a lMach number of 6.82 for a stagnation pressure
of 31 atmospheres, which agrees with values obtained horn
prwures at the nose of the pressure model. As the pressure
decreases, the Mach number also decreases slightly, so that,
at 10 atmospheres stagnation pressure, the Mach number 6
inches ahead of the test-section center line is 6.74.

~STRUMENTATTON

The temperature measurements included stagnation tem-
perature and model skin temperature. The stagnation tem-
perature was measured by shielded thermocouples distributed
at various stations in the settling chamber.

The potentiometers used for recording the model tem-
peratures having the greatest transient rate of change were
cyclic printers with a l-second interval and with a l-second
full-scale re9ponse. In order to reduce uncertainties as-
sociated with the time response of the recording ilIstru-
ments, the thermocouples on the hemisphere were connected
to be read in order of decreasing temperature about the
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hemisphere from the stagnation point to the 90° station of
the hemisphere. The temperate at the stagnation point
was recorded twice to allow time for balancing out the
large temperature change between the 900 station and this
station. Four instruments were connected to read the tem-
peratures of the thermocouples along the hemisphere in this
manner and were synchronized so that each thermocouple
was read once every 3 seconds.

hfodel surface pressures were recorded on film by the
evacuated mpsule instruments described in reference 8.
The motion of a diaphragm rotates a small mirror to displace
the trace of a light beam falling on a moving film. Pressure
cells were chosen to give as near fulkwde deflection as
possible for the measuring station. The stagnation pressure
was measured with high-aocuracy Bourdon tube gages.

Scm.mmm Smlmaf

Two scblieren systems were used in this investigation.
One system had a single-pas-s, vertical Z-light path with a
horizontal lmife edge, and the other, a double-pass hori-
zontal light path with the light source and cut-off knife
edge at the center of curvature of the concave spherictd
mirror. The double-pass system was used only when greater
sensitivity was needed for boundary-layer study. Film
exposures were of approximately 3 microseconds duration.

ANALYSIS

HEAT TRANS= TO MOD=

The local rate of beat flow into the model was calculated
from the Iocal temperatures as a function of time and position.
The general heat-conduction equation (ref. 10) in a homo-
geneous rnatqrial is

kT–~ @T
& pmcm

(1)

In spherical coordinates this equation becomes:

(2)

Site the model sbeU is relatively thin with respect to its
other dimensions, it is assumed that the iirst and second
derivatives of T with respect to o and & as well as the fit
derivative of T with respect to r, are independent of T.

Equation (2) may then be integrated once with respect to

r, tbe boundary condition ~=0 being used at the inner

surface where T=rti. Then this relation may be solved for

# to obtain the following:

(=xx’’’)’(=%):): ‘3)
Equation (3) may then be evaluated at the outer surface
where r=r, and at zero angle of attack so that T is inde-
pendent of f; this evaluation gives the folIowing:

(6)

However at the surface,

()

Z)T
9*=—L -& *

Therefore,

~=-’~’r%)%+~(ra)+(s’e%) ‘6)

An examination of the above equation discloses that the
first term on the right represents q,, the local net hed
storage which would be realized in a shell element if tho con-

duction ‘ere ‘=0 ‘e ‘- (“’’L?? ‘s “Ppro-’te’y
(r,-rJ, or the shell tbicknw, .4o that in the limit as t+=O,
the qi term becomes the same as that used for a flat plate.
The second term on the right representa the local net boat
conducted along the model shell.

When this equation is used to calculate q, at the various

times and stations, the values of ~ for the heat-storage

term may be taken from faired curves of temperature plotted

‘-the- ‘bevduwofWe%’)for‘recondu
tion term can be found graphically by taking slopes of faid
curve9.

In order to give a comparison of the relative size of tbe
heat-storage and conduction terms for the tests in which the
3.025-inch-diametsr heat-tremfer model was used, typical
q, and qt values are plotted in figure 3 for a time early in tho
test and for a time late in the test. The dillerence botwwm
these curves q,—qi is the value of the conduction term. It
is seen that, at 5 seconds from the start of the test, the con-
duction term is onIy 20 percent of q, for the station at the
stagnation point; but, near the end of the test, the conduction
term is about 70 percent of q, at the same station.

The local heat-trader coefficients may be determined
from the standard heat-flow equation for convection,
q,=h(T,– T,). The quantities T, and h were assumed
constant for a given set of test conditions, and h was deter-
mined from the slope of the straight-line variation of q,
plotted against T, as is shown in figure 4. In the presenb
tests there were some variations in the testconditions during
a run. The stagnation temperature sometimes varied 20°,
and the pressure varied nmrly 6 percent in the lowest pres-
sure test. In order to correct partially for the variation in
stagnation temperature, the values of q,/T~ were f aired
through a calculated value of T,/T,. The recovery temper-
ature ratios used in the f airing for tbe determination of h wore
obtained from the recovery factors for a flat plate given by
Van Driest (ref. 11) by using the local flow conditions at
the outside edge of the boundary layer.

EELROR9

The present heat-transfer tests were affected by four small
sources of error which were of uncertain magnitude and were
not directly incorporated in the computations. One source
was the heat loss from the model by radiation, and another
was the heat leas by conduction down the thermocouple
wire. The third was the assumption that the difbrence in
temperature distribution between the outside and tbe inside
surfaces of the model was negligible. The fourth source of
error is the assumption that the hat-transfer coefficient is
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Fmmm 3.—Hent lmmsferto the hemisphereof the 3.025inoh-diameter

independent of the temperature level. The error associated
with radiation was estimated to be about 3 percent of the
VUIUOof g at the highest temperature condition. The error
associated with heat flow down the thermocouple wire w-aa
not estimated directly but was assumed to be small, especially
on the large heat-tramsfer model where the thiclmem of the
model ma 0.10 inch and the diameter of the thermocouple
wire was 0.005 inch. The temperature diilerence between the
outside and the inside skin suface waa less than 10° F at the
stagnation point imrnediatdy after the stat of a run at p~=31
atmospheres. This temperature difference represented an
error of less than 0.01 in the determination of Z’,/Tt. It

heatitransfermodel both with and without the oonduotion correction.

was noticed, howevar, that each of the fit three errors txmded
to reduce the calculated value of the heat-transfer coficient,
so that the final results of this data analysis might tend to be
slightly low when compared with theory. For the assump-
tion that the heabtwnsfer coefficient is independent of the
temperature level, the m~um variation in wall tempera-
ture occurred at the stagnation point and here the wall
temperature varied from 1800 F to 5500 F. By the theory
of Reshotko and Cohen (ref. 12) a variation in wall tempera-
ture of this magnitude would redt in a deviation of only
&1% percent horn the mean value of iV~J@ at the stagna-
tion point.
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FIGURE4.—Heat-trsmfer rate plotted against surface temperature for various angles of o on the 3.0254nch-diameter herd-trnnsfor model.
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RESULTS AND DISCUSSION

PIHSSIJREDISTRIBUTION

Th~ longitudinal pressure distributions for the hemisphere-
cylinder at zero lift are presented in figure 5 for free-stream
Reynolds numbem of 0.52X 106 and 1.03X 10e based on the
body diameter. These pressure distributions are presented
as a ratio of local pressure coefficient to the pressure coe5-
cient at the stagnation point. This pressure distribution has
been compared with the modified Newtonism theory from
raference 13, the data of Stine and Wanlass (ref. 3) at
J~=l,97 and 3,80, and tie data of ofivw (ref. 14) at

ill= 5.8. It will be noted that, at Mach numbers above 3.80, the
pressure-coefficient distribution curves asymptotically ap-
proach a single curve, and the local Mach number distribution
on the hemisphere becomes independent of the free-stream
MnclI number. This was pointed out in reference 3 and is in
accordance with the hypersonic similarity parameter (ref. 15),
which predicts that the flow pattern about an arbitrary body
tends to become stationary as the Mach number increases;
this tenda to occur at a lower Mach number for a blunt body
than for a slender body.

In this report the isenbropic-flow relations between the
pressures measured at the stagnation point and the local sur-
face pressures measured at subsequent stations were used to -
calculate local flow conditions just outside the boundary
l~yer. The validi~ of this method was investigated by the
use of pitot surveys of the boundary layer. In figure 6 the
pitot profiles are presented for the hemisphere-cylinder junc-
ture, a station midway along the cylinder, and a station
~ inch in front of the base of tbe cylinder. These proiiles are
clmracteriatic of laminar profh and indicate that the bound-
ary layer remains laminar over the whole body. TIM point
where the pitot proiiles break away from the cb aracteristic
boundary-layer profile corresponds closely to the pitot ratio
obtained by using the static surface pressure from the pres-
sure model and the isentropic-flow relations (ref. 16) from the
stagnation point to the survey stations, Thus, the pressures
from the body surfaces are ‘sticient through the use of
isentropic-flow relations to obtain local flow conditions out-

side Lhe boundary layer for stations at least up to :=4.8.

The local Mach number and temperature ratio as computed
in this manner are presented in iigures 7 and 8. It will be
noted that the curves exhibit a slight change for the two
d&rent Reynolds numbers. This was due to a change in
calibrated tunnel Mach number at different pressure levels.

LAMINAR RECOVERY FACTOR

The calculated values of the ratio T,/T, and of the laminar
recovery factor are shown in figure 9. The recovery factors
were calculated by a method of Van Driest (ref. 11) and by

%=. These values are compared with data from the
temyemture-recovery model. Included are the ratios of
T,/Tt and the recovery factors calculated from the uncor-
rected recovery temperatures or equilibrium temperatures,
and also from the recovery temperatures corrected for con-
duction and radiation.

The laminar recovery factor was also calculated from
q,=m, where the Prandtl number was calculated for the
average of the total and the local stream temperature as was
suggested by Stine and Wanlass (ref. 3). The results of this
calculation agreed closc!ly with those from the method of
Van Drie& and were not included in figure 9.

The experimental values of T,/T, were corrected for con-
duction and radiation by first calculating the local heat flow
into the model at equilibrium temperature and then by using
this value of g, to obtain a value of q,/T, to plot on the
respective curves of qJTt against T/T’. In this way a

point w-asobtained sticiently near the T/T,axis to enable the
fairing from the hew%mnsfer-model data to q,/T,=0. The
value of TJT~ obtained by this method w-as the recovery
tempwature corrected for radiation and conduction.

The local heat flow q, into the model at equilibrium tem-
peratures was calculated by using the following equation:

The first term on the right represents the heat flow into the
model as found by equation (6) for a model in equilibrium,

that is, ~=0. The second term on the right represents the

heat flow into the model which is lost by radiation. In a
slightly difFerent notation this relation is shown in reference
17. The temperature of the surroundings T. was assumed
to be constant at 140° F over the entire hemisphere. ,

In order to apply equation (7), an estimate of the emis-
sivity must be made. This estimate depends upon the sur-
face condition of the material as well as the kind of materkd
and its temperature. At the start of the testing the model
had a polished surface, but after the testing the surface of the
hemisphere had become slightly roughened. TIIis roughness
was greatest at the stagnation point and was slight at the
sphere-cylinder juncture. Because of the uncertainty in the
value of the emissivity at the elevated temperature of these
tests, it was assumed to be constant (0.15) over all the model.
It was felt that this estimated value of emimivi~was not in
error by more than +0.05.

When the corrected values of temperature ratio T,/T, are
compared with the values obtained from the two theories, the
experimental data does not decisively select either theory.
Since the Van Driest method considers a local Mach number
effect on the recovery temperature ratio, the values of T,/T~
obtained by the method were used in the reduction of the
heat-tranafer data.

TEMPERATURE DJBTRISUTION

Surface-temperature distributions obtained for various
times during a typical run on the large heat-tiansfer model
are presented in figure 10. At the nose the average value of
the temperature was about 700° R and on the cylinder about
600° R giving vih.wa of T,/T. of approximately 7 and 6,
respectively.
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v 5.8 .034X 106 2.38x 106 ,ref. 14 n

L25

LOO

WI

~8 ~e.75

II
Cii

0-a
.

FIGmm 5.—Lx@ucHnal pnxmuwco efficient distribution.
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FIGURE 6.—Pitot pressureeurveysof flow near the eurfaceof the oylinder.
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FIQUEE7.—Variation of 10LuJMach number (outside the boundmy layer) along the surfaca
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FIciuRn 8.—Variation of the 100al temperature ratio (outside the boundary layer) along the surface.
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FIGURE9.—Variation of the surface temperature ratio and recovery faotor along the surface.
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Fmum 10.—Typical surface temperature distributionon 3.025-inch-diameterheatitrmefer model at various times during a teA

.
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The local laminar heat-transfer parameter was calculated
on the basis of two different characteristic lengths. For
one parameter ~~w J& the characteristic length was the
distance x along the body generator from the stagnation
point. The air-flow properties used in this parametar were
the local flow conditions just outside the boundary layer.
The values of this parameter for M=6.8 are shown in figure
11 along with the range of experimental data at M= 1.97 from
reference 3. These experimental values are compared with

theories by Stine and Wanlass (ref. 3), by Chapman and
Rubesin (ref. 18), with a modification of a theory by Sibulkin
(ref. 7), and with a theory by Reshotko and Cohen (ref. 12).
For the other heat-transfer parameter .NN%zw 1 RD.. the/ l—

diameter of the model was used as the characteristic length,
and the air-flow properties used were taken as those im-
mediately behind the no,pal shock in the center of the bow

wave. The values of this parameter for M=6.8 as well as
the range of values for &f=l.97 (ref. 3) are slIown in figure 12.
These values are compared with the theory by Stine and
Wanlsss and with a second modification of the theory by
Sibulkin.

The local heat-transfer parameter iVNti,~& fIS calc~~twl
by the theory of Stine and Wanlass, is based upon the local
Mach number distribution at the outer edge of the boundary
layer and upon the local Prandtl number. In the present
tests the Prandtl number varied from about 0.68 at tho
stagnation point to about 0.74 near the end of the cylinder.
A value of NP,=0.70 was used throughout the calculation
of the theory of Stine and Wardass. This caused an esti-
mated maximum deviation from the mean hmt-transfcw
parameter of only 2 percent.

In the Stine and Wanlass theory the assumption is maclo
that the d.ifhrence between the actual wall temperature and
the insulated wall temperature is small. In the present tests

Y

z
I?KWEEIl.—Variation of the local heatitranefer parameter along the surface.
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F1Qmm 12.—Variation of the heat-transfer parameter (bawd on diameter and conditions behind the normal shock) along the aurfaea.

this temperature difference varied from about 100° 1? to
about 500° l?. An examination of figure 11 discloses th’at the
data points have a tendency to fall below the theory. This
difference may be due in part to the rather large tempera-
ture difference. The reasonable agreement of the data with
the theory, however, shorn that the theory of Stine and
Wanlw maybe used with good results even when the insu-
lated wall temperature and tbe actual wall temperature are
quite difE’erent.

In comparing the theoretical rwdts of Stine and Wanlaas
at M= 0.8 and M= 1.97, a, slight discrepancy appears in
that a discontinuity occurred at the hemisphere-cylinder
juncture (z/b= l.00) for M=6.8 and not at iM=l.97. This
discontinuity can be traced to a difference in local Mach
number distributions obtained from the “two investigations.
In this investigation the pressure distribution has an abrupt
change in slope at the juncture (from a high pressure gradient
to a very low prcsaure gradient) which gives a simi.hw change
in the local Mach number gradient (@. 7). In reference 3
no such change was noted in the pressure distribution, and
thus the local Mach number gradient had a gradual change
d the juncture rem.dting in a continuous curve for the Iocd

4091~6~15

heat-transfer parameter based on z. Theoretically, a dis-
continuous pressure gradient is predicted at the juncture.

Although the use of the theory of Stine and Wanlms leads
to the calculation of the local heat-transfer parameter
~Nu.z/& the parameter ~NM, D,u/& may be calculated
from the parameter based on z, when the free-stream Mach
number, the local Mach number on the model, and the
stagnation temperature are lmown. When the experimental
and theoreticfd vfdues of the parameter ~hTK~@ in refer-

1~, a stwation tem-ence 3 were converted to ~Nn, UC

perature of 520° R was assumed.

The theory of Chapman and Rubesin (ref. 18) is a method
of obtaining the values of the local IIeat-transfer parametm
for a flat plate. The air-flow properties used were those at
the outer edge of the boundary layer. The distance along
the body genirator w-as taken as the flat-plate distance from
the lead@g edge. This theory depends directly upon the
air temperature at the outer edge of the boundary layer and
upon the surface temperature and is not directly a function
of the Mach number. The theory evaluation at M=I.97
is that shown in reference 3.
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In reference 7 Slbulldn suggested applying his incom-
pressible solution for stations near the stagnation point of
a sphere to the nose of a blunt body moving at supersonic
speeds by using as free-stieam conditions those behind the
center of the bow wa~e. Since the velocity gradient at the
nose would not be expected to be the same as in incom-
pressible flow, Slbulkiu’s equation should be used before the
“mcompr-ible velocity gradient around the sphere is
incorporated, which gives

op 0.5

h?Nw==0.763iVPr0”’L ; (8)

The relation was ‘derived with the assumption of incom-
pressible flow, but the author suggests that the theory may
be valid for the flow near the stagnation point of a blunt
body in a supersonic stieam.

Equation (8) may be written as

hL
~NuL k—.—_

r

4z!@

P

()
flL 0.5

=0.763~&0”d. ~ (9)

When the characteristic length is z and the flow velocity
and other physical conditions of the air are evaluated at the
outer edge of the boundary layer, the fit modification of
Sibulkin’s theory is obtained. This appeara as follows:

hx

(lo)

The theoretical heat-transfer parameter evaluated in this
manner is a function only of the Prmdtl number.

When the characteristic length is D and the flow- velocity
and other Rhvsicd Prowrti= of the air are evaluated fi-
mediataly ~ehnd th~ n&mal shock, equation (9) becomes

m
NNWDP -z—_ rK. P.U6D

lb

(9
0.5

=0.763 N*,.0”4 ~ (11)

This equation is the second modification of Sibulh’s
theory used in this report. The theoretical heat-transfer
parameter evaluated in this manner is a function of the

19D
PrandtJ number and of ~

In figure 13 (a) the valuea of @w are plotted against
z/D on the hemisphere. These curves show- that p is con-
stant near the stagnation point at a given Mach number.
In figure 13 (b) experimental values of 13D/whorn several
references, as well as curves computed by using modified
Newtonian and incompressible flow theories, are plotted

et Mach number. This curve shows that BDIW is a
function of Mach number. Therefore, h?Nu,D,u/&) as

found by Sibulkin’s theory near the stagnation point, is o
function of Mach number.

When the Newtonian theory was used to find 19D/G,the
Newtonimi pressure coei3icient as shown in figure 5 was
used to determine the pressure distribution around the noso
of the hemisphere. The correct pressure coefficient at the
stagnation point to be used with each Mach number was
found from normal~hock-flow relations (ref. 16). The
isentropic-flow relations between the pressure at the stagna-
tion point and the surface pressures computed for subsequent
stations were used to calculate the local flow conditions just
outside the boundary layer. This is the same procedure
that was used to calculate the local flow conditions from the
measured pressures.

In figure 11 it is seen that the data indicates a value at
the stagnation point about 10 percent below the value of
NN%~~ as found by Slbu.lkin’s method. In this figure
it is seen that tho data from teats at two different Mach
nunibers, M= 1.97 and M=6.8, agree within the scatter of
the data. In @ure 12 it is seen that the data at the free-
stmam Mach numbers of 1.97 and 6.8 indicate valuea which,
within the scatter, are consistent with the predictions of
N~D,~/~ by Sibulkin’s method. It is important to
note, however, that the variation of PDJG with the free-
stream Mach number must be taken into account and that
the prediction of /3 by the potential theory may not bo used
for a hemispherical nose subjected to supersonic flow.

LOCAL STANTON’’NUMBER

In figure 14 the lo&l Stanton number is plotted against
the local Reynolds number. The data presented includes
points from 0=6° to 0=45° on the hemisphere surface.

By assuming that the velocity and temperature boundary-
layer proiiks were similar and of parabolic shape, Sibd.kin
(presented in ref. 2) derived an approximate solution for
N~% = over the entire hemisphere for incompressible flow
which, when transformed for the local conditions outsido
the boundary layer and distance from the stagnation point,
becomes .

0
~0.s

hk..=k(O)x ; Nm, ?.4 (12)

where k(8) is a proportionality function which depends on
the angular, position of the point under consideration
measured from the axis of flow. symmetry.

If P is assumed constant (a valid assumption for o up to
45° in these teats, see fig. 13), the equation reduces to

NN%.=k( 0)Rza6Np~,la4 (13)

From reference 6 it may be seen that k(0) may be approxi-
mated near the stagnation point by the value of 0.763, and
the local Stanton number near the stagnation point becomes

N,s,,~= NN%Z
MR. 1

=0.763R=-0.bNB, 1-0.6 (14)
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(a) Nondimensional 100alflow velocity along the surfaca.
(b) Nondimensional vclooi~ gradient at the stagnation point of the hemisphere plotted against free—hewn Maoh ~j.upber. “ “ P‘

Frmmm 13.—NondimensionaI flow parameter on the hemisphere outside the boundary layer.
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FIGURE14.—Variation of the local Stanton number with the Iocrd Roynolde number for values of 8 from 0° to 46°.

For this equation to give the correct Stanton number around
the hemisphere surface, du/dx or /3 must be constant and
k(0) should not depart radically &m the value of 0.763.

In figure 14 the heat-transfer data has been compared
with Slbulldn’s stagnation-point solution shown in equation
(14). h seen from figure 13 (a), /3can be considered constant

up to valuea of o greater than 45°
(3=04)”

In figure llan

indication of the variation of k(e) maybe obtained tim the
decrease of the heat-transfer parameter from the constant
stagnation-point value as x ia increased, Indeed, even the
d.iflerence in level which is observed between the stagnation-
point curve and the data in figure 14 may also be detected
in figure 11. Slbul.kin’s stagnation-point value is approxi-
mately 9 percent above the data at the nose and about 15
percent above the data at the 45° station. Above 45°, k( I?)
diverges rapidly and /3 begins to diverge. Inasmuch as the
data above 45° do not correlate, they are not presented in
figure 14.

A~CiE HEAT-TRANSFER COEFFICIENT

The avtiage heat-transfer coefficient determined experi-
mentally in this investigation and by Staider and Nielsen in
reference 4 axe presented in figure 15. The data from Staider
and Nidsen are those for M=O.12 to 0.17, M=l.76,
M=2.67, apd M=5.04. Alao included in figure 15 are exper-
imental points found by an integration of experimental data
by Stine and Wanhw (ref. 3) at M= 1.97. The data has
been compared with values found by using the theory of
Stine and Wanlaw at M= 1.97 and M=6.8 and with tlie in-
comprwaible theory of Sibulkin used by Korobl$n (ref. 2).
Korobkin adjueted the latter solution to pass through the
stagnation point for incompressible flow (ref. 7).

The data from Staider and Nielsen (ref. 4) for Mach
numbers below 2.67 appear to” correlate with the adjusted
incompressible theory. The data of reference 4 were evalu-
ated, however, in a different mannar from the data of this
report. In the present report the local values of the heat-
transfer cdicient were calculated from the local bent con-
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FIQUEE15.—Average heat trmsfer on the hemisphere plotted againat Reynolds number for conditions behind a normal shook.

vection and the local recovery temperature. Then them
local values of h were integrated over the area of the hemi-
sphere to find the average value. In reference 4 the average
heat-transfer coefficients -were evaluated by measuring the
total heat convection to the hemisphere and an “effective”
uverago recovery temperature found by an extrapolation to
zero net heat transfer to the surface. The different results
as found by the two methods are seen in figure 15.

The integrated data from Stine and Wanla.w and the
data from this investigation show a good correlation at
Mach numbers of 1.97 and (3.80 and Reynolds numbem
from 0002X 106 to 1.5X 106.

SCHIJEllZNOBSERVATIONS

The normal shock and body,boundary layer are shown in
the schlieren photographs (i&. 16) for a single-paw and
double-pass schlieren system. The relatively nonsetitive
single-pass system clearly shows the normal shock while
the sensitive double-paas system was used to show that the
boundary layer is lamkiar on the surface of the cylinder.
The two flow photographs appear to show ad&ional dis-
turbances about three%fths of the distance along the cylinder
from the hemisphere-cylinder juncture. These disturbances
result from the intersection of the bow bock wave and the
boundary layer at the windows. The heating effect was
great enough so that a similar picture of this region was
obtained immediately after a run, aa shown in the post-run
zero picture for the doubla-paes system.

CONCLUSIONS

A program to ‘investigate the aerodynamic heat transfer
to a nonisothermal hemisphere-cylinder has been conducted
in the Langley 1l-inch hypersonic tunnel at a Mach number
of 6.8 and a Reynolds number based on diameter and free-
stream conditions from approximately 0.14 X 106to 1.06X 10e.
In this inv&igation the boundary layer was laminar having
average values of T,/Tmat the nose of about 7 and about 6
on the cylindar (where T, is the local fkee-stream temperature
just outside the boundary layer and T. is the free-stream
temperature ahead of the normal shock). The data have
been correlated with theoretical analyses and rcadta of other
experiments at Io,wer Mach numbers. The following results
were obtained:

1. The experimental- heat-transfer cosf3ici&s from this
investigation on a nonisothermal (constant wall thickness)
hemisphere-cyhnder with heat flowing to the surface were
slightly 1sss over the whole body than those predicted by
the theory of Sttie and Wanlass (?NACA Technical Note
3344) for an isothermal surface.

2. A modification of Sibulkin’s stagnation point solution
gave the trend of the local Stanton number with 10wJ
Reynolds number for angles up to 45° from the stag~ation
point. The calculated values, however, were approximately
12 percent higher than the experimental values.

3. Pitot proiiles taken at a Mach number of 6.8 on a hemi-
sphere-cylinder have veri.iied that the local Mach number or
velocity outside the boundary layer required in the use of
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- Pre-run zero picture Flow picture,.

Single–pass schlieren system

Post–run zero picture Flow picture.-

Double-pass schlieren system L-92450

Rmmm 16.+ohlieren photographs of shook and boundary layer on hemisphere-cylinder at M= 6.8,

the theories may be computed from the surfaca pressures
by using isentropic flow- relations and conditions behind a
normal shock. The experimental pressure distribution at
u Mach number of 6.8 is olosely predicted by the mod.iiied
Newtonian theory. The velocity gradients calculated by
using modified ~ewtonian theory at the stagnation point
vmy with Mach number and are in good agreement with
those obtained from measured pressures for Mach numbers
from 1.2 to 6.8.

4. At the stagnation point a second .modiiimtion of the
theory by Sibulkin using the diameter and conditions behind
the normal shock was in good agreement with the experiment
when the veloci@ gradi&t at the stagnation point appro-
priate to the free-stmmm Mach number was used.

... , .
LANGLDY hIZONAUTICAL LMIORATOX,

NATIONM ADVISORY COMMTTEE FOR AERONAUTICS,

)hlWLW? l?nm, VA., itlhrchl?~,1966.
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